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Abstract
Peatlands occupy 20% of the land area of Ireland and store over half of soil carbon stocks. Over 80% of 
these peatlands have been disturbed by human activity such as drainage for peat extraction, afforestation 
and agriculture. In this study, peat samples were collected from 12 horticultural peat extraction sites in the 
Irish midlands. The carbon (C), nitrogen (N), hydrogen, and sulphur content were determined, and from 
these the carbon oxidation state (Cox) and oxidative ratio (OR) were calculated. The carbon oxidation ratio 
reflects organic matter synthesis and degradation, and is thus an important parameter in understanding 
terrestrial carbon cycling, whilst OR represents the molar ratio of oxygen (O2) and carbon dioxide (CO2) 
fluxes associated with net ecosystem exchange. 
Elemental concentrations and ratios were typical for Irish horticultural peat (e.g. carbon concentrations 54 – 
57%), though showed site to site variability. Cox and OR values varied between -0.22 and -0.11, and 1.04 
and 1.07 respectively and were comparable to United Kingdom peat soils. All values for OR were lower 
than 1.1, the value commonly used in global CO2 partitioning studies. Further research should investigate 
OR values in peatland which has not been studied to date. Across all sites, measures of increased 
decomposition (i.e. C/N ratios) significantly correlated with increasing OR reflecting more reduced organic 
matter. This study provides data in temperate peat soils that increases the coverage of Cox and OR values 
and will inform global CO2 partitioning studies.
Highlights:
 Elemental concentrations varied between sites
 Decomposition was significantly correlated with OR
 All values for OR were lower than 1.1, the value commonly used in global CO2 partitioning studies
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Introduction
Peatlands are a dominant component of the Irish landscape comprising some 20% of the total land area 
(Connolly and Holden, 2009). These ecosystems have been greatly impacted by anthropogenic activity with 
Renou-Wilson et al. (2011) estimating that 80% of Irish peatlands have been disturbed due to peat cutting, 
horticulture, afforestation, and conversion to agricultural use. Bord na Móna (a semi-state owned company) 
manages 100,000 ha of peatland (Fitzgerald 2006) with approximately 4 million tonnes of peat produced 
per year (Malone and O’Connell, 2009). In 2015 the company produced 547,428 tonnes of horticultural 
peat from a peatland area of 2872 ha (Charles Shier, personal communication). Horticultural peat is also 
produced by private sector companies and although the extent is uncertain, an estimate of production can be 
taken from Renou-Wilson et al. (2011) who reported that, in 2003, Irish peat moss producers sold an 
estimated 650,000 tonnes (assuming a bulk density of 4t m-3) of horticultural-grade peat. 
Peat extraction is associated with both in-situ and ex-situ processes and activities that lead to 
degradation and greenhouse gas emissions. Firstly, extraction typically involves drainage which lowers the 
water table leading to increased aerobic conditions and the release of carbon dioxide (Couwenberg, 2011; 
Wilson et al., 2015). Extraction also removes the vegetative cover that would otherwise contribute to gross 
primary production. In addition to changes to the peatland, stockpiles of drying peat have also shown to be 
significant sources of greenhouse gases (Alm et al., 2007). Ex-situ activities associated with horticultural 
peat extraction also release greenhouse gases, including: the use of machinery and processing equipment 
which utilise fossil fuels; the transport of peat to consumers using trucks, shipping or aircraft; and 
decomposition of the product at its final destination e.g. in horticulture. In a life-cycle analysis of Canadian 
peat extraction, Cleary et al. (2005) showed that emissions from land use change (i.e. in-situ processes), 
extraction and processing, transport to market, and decomposition of peat comprised 15%, 4%, 10% and 
71% of total GHG emissions respectively. 
Organic matter ‘quality’ is an important measure of the decomposability of the substrate. Whilst 
quality is often poorly defined by authors (see discussion in Alderson et al., 2016) or based on long-held 
assumptions (e.g. critique of the humification model in Lehmann & Kleber, 2015), many have linked 
various organic matter properties to a range of greenhouse gas related parameters such as polysaccharide 
content and respiration rates (Leifield et al., 2012), carbon (C): nitrogen (N) ratio and nitrous oxide (N2O) 
emissions (Klemedtsson et al., 2005), Von Post humification index and carbon dioxide (CO2) production 
potential (Glatzel et al., 2004), and carbon oxidation state (Cox) and decomposability (Kleber, 2010). 
Therefore, the first step in developing these relationships in new systems is to carefully characterise soil 
organic matter properties. Such information is lacking for horticultural peat and this study aimed to address 
this knowledge gap. The objectives of the study were: (i) collect peat samples from stockpiles at a range of 
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Horticultural peat was harvested using the HAKU method. In this process the peat harvesting area is 
divided into fields by parallel drains at 15 m intervals. Peat is cut from the surface to a depth of 0.5 – 2.0 
cm and spread uniformly across the extraction surface. Natural drying takes 1-4 days and may be 
accelerated by harrowing. When the peat has dried to 45-55% it is ridged and collected in a stockpile 
adjacent to a road or railway. 
Sampling sites
All sites are owned by Bord na Móna, a state-owned company which manages 100,000 ha of peatlands (for 
more information see https://www.bordnamona.ie/). In 2015, Bord na Móna harvested horticultural peat 
from 12 bogs in the Irish midlands, with some bogs being divided in further named sections (hereafter 
called sites). There were a total of 18 sites between the 12 bogs. Peat samples were collected from 12 of 
these sites in September 2015. The 12 sites represent 66.6% of the total amount of horticultural peat 
harvested in 2015 and 68% of the total area used for harvesting (Table 1). Peat samples were collected from 
the base of the peat stockpile on each site. The samples were transported to the University of Limerick soil 
laboratory and over-dried at 60°C for 48 hours. Five samples from each site were ground to 500 µm using a 
rotary mill.
Elemental analysis and bomb calorimetry
Contents of total C, H, N, S and O were determined by ultimate (elemental) analysis. Analysis followed 
procedures outlined in standard EN 15104:2011. All samples were analysed using a Elementar Vario 
MACRO cube® elemental analyser (Thermo Fisher Scientific).. The oxygen content was determined by 
difference, assuming that on an ash-free basis C+H+N+S+O = 100% (Guziani et al. 2017). Energy content, 
as gross heat value (∆Hc) was determined according to European Standard EN 14918:2009 using a Parr 
6200 bomb calorimeter. A detailed description of the analytical procedures of the device used by the 
laboratory contracted to carry out the analysis can be found at https://www.celignis.com/index.php.
Cox and OR
Cox values were calculated using Equation 1 and can range from -4 to +4 with the end members represented 
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  (1)𝐶𝑜𝑥 =
2(𝑂) ― (𝐻) + 3(𝑁)
(𝐶)
where C, H, N, and O are the molar concentrations of carbon, hydrogen, nitrogen, and oxygen.  
The oxidative ratio (OR) (which represents the ratio of the moles of O2 released to CO2 sequestered by the 
terrestrial biosphere; see Worrall et al., 2013 for further discussion of term) can be related to the carbon 
oxidation state (Cox) using Equation 2 (Masiello et al., 2008; Clay and Worrall, 2015):





Equation 2 is based on the assumption that the N source to the soil is N2 (Masiello et al., 2008). Other 
forms of N are possible (e.g. ammonia, nitrate), however, it is usually only necessary to make modifications 
to Equation 2 if a substantial proportion (i.e. greater than 20%) of N is in the form of ammonia and nitrate 
and in a ratio that departs from 1:1 (Masiello et al., 2008; Hockaday et al., 2009). 
Statistical analysis
Not all data were normally distributed (most data failed the Anderson-Darling normality test), so non-
parametric Kruskal-Wallis tests were used to compare differences between sites. Post-hoc tests were carried 
out using Mann-Whitney pairwise comparisons with Bonferroni correction for multiple comparisons (SPSS 
25; SPSS Inc., Chicago, IL, USA). In total 60 samples were analysed for their elemental concentrations and 
∆Hc values (Table 2). Two samples could not be analysed for their energy content (one from Monettia B 
and one from Gilltown). Spearman’s rank correlation coefficient was calculated as a non-parametric 
measure of correlation between variables. 
Results
Median carbon concentrations in the peat samples fell within a tight range (54 – 57%) typical for pure (i.e. 
unmixed with additives) horticultural peat; the Monettia, Cashel and Togher sites had the highest carbon 
concentrations (Table 2). The median C:N ratio ranged from 42 – 72 (Table 2), and Cox and OR values 
varied between -0.22 and -0.11, and 1.04 and 1.07 respectively (Table 2).
Results of the Kruskal-Wallis tests showed that all parameters (detailed in Table 2) varied 
significantly between locations (all p-values <0.005). Post-hoc comparisons showed differences between 
sites and, although there was no systematic pattern of post-hoc differences, many of the post-hoc 
comparisons involved differences between the Monettia sites and other sampling locations (Table 2). For 
example, post-hoc analysis showed that OR at the Monettia A site was significantly higher than at Bracklin 
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Figure 2). When comparing the gross heat value (∆Hc) and other measured and derived parameters, there 
were a number of strong (r > 0.6) and very strong (r > 0.8) correlations between peat properties (p<0.001; 
Figure 3). 
Discussion
The C:N ratios (Table 2) were within range of those reported for Histosols in similar climatic conditions 
elsewhere in Europe (Clay and Worrall, 2015 - C:N 36 – 63 [inter-quartile range]; Klemedtsson et al., 2005 
– 13 – 90 [range]), while the Cox and OR values (Table 2) were similar to values reported in the UK (Clay 
and Worrall, 2015). 
The carbon oxidation state (Cox) of organic matter represents an integrated measure of the 
composition of organic matter reflecting biogeochemistry, composition, and environmental conditions 
(Masiello et al., 2008). Previous research has noted gaps in the global coverage in Cox and OR values for 
organic and mineral soils (Worrall et al., 2013) and this study presents valuable additional data for 
Histosols. The OR values from this study are comparable to OR values from peat soils in the United 
Kingdom (range 1.05 – 1.11; Clay and Worrall 2015). All values for OR are lower than 1.1, the value 
commonly used in global CO2 partitioning studies (e.g. Battle et al., 2000). Worrall et al. (2013) showed 
that by using a more appropriate value (OR = 1.04) in global partitioning studies then the flux of carbon to 
the land from the atmosphere increases by approximately 14%, i.e. studies using OR = 1.1 were 
underestimating carbon fluxes to land. More recent work suggests this underestimate may be even higher 
(e.g. Worrall et al., 2016) and therefore the data for Ireland add valuable additional information on 
temperate peat soils.
Harvesting of milled peat is usually from the surface. The samples analysed in this study were 
taken from a range of locations across the Irish midlands with potentially different peat accumulation 
histories and dominant vegetation types. Therefore, the differences observed in OR and elemental 
compositions may be due site-specific differences in peat properties rather than abiotic differences between 
sampling sites. In support of this, Clay and Worrall (2015) concluded that the main contribution to OR 
variation was their organic material type and not the site location. It may be that there are differences in 
peat properties between sites due for example to the type and degree of humification of peat being 
harvested. 
Variation in OR could also be due to differences in moisture levels between the sites before 
harvesting and storage in stockpiles. Milled peat is allowed to air dry to about 45 – 55% moisture content 
(Dearbháil Ni Chualáin, personal communication). Therefore, drying conditions are very dependent on 
ambient temperature. Higher temperatures may encourage reduced moisture levels, aerobic conditions, and 
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these sites may have received nitrogen inputs derived from local agricultural activities potentially leading to 
variation in OR. An estimate of the rate of N deposition to these sites in the Irish midlands is provided by 
Henry and Aherne (2014) who reported that the total N deposition to in Ireland ranged from 2 to 
22 kg N ha− 1 yr− 1 (mean = 12 kg N ha− 1 yr− 1). 
Within the harvesting process there are several points at which decomposition could occur (e.g. 
during transportation from site to factory or whilst kept covered in stockpiles). Future research should 
investigate the decomposition rate between the harvest stage and final packaging for sale. The C:N values 
from this study varied between geographic locations though they were within typical ranges reported for 
peat in Ireland (Broder et al., 2012). Furthermore, if peat is sold for growth media with no inorganic 
fertilizer addition, the C:N levels might hinder availability of N for plant uptake; a C:N ratio in horticultural 
peat above 24:1 may lead to insufficient N available for plants (Brady and Weil, 2008). 
By understanding organic matter quality through parameters such as Cox and OR, we are able to 
gain further insight into decomposition processes in these environments. In this study, differences in 
elemental ratios and Cox/OR might be able to inform our understanding of decomposition in the peat from 
harvested sites. Lower C:N ratios have been linked with increased measures of decomposition, such as 
higher values on the von Post index (e.g. Wang et al, 2015). For example, Berglund and Berglund (2011) 
found that C:N ratio decreased with degree of decomposition in monoliths of peat taken from two peatlands 
in Sweden drained for agriculture. In our study, peat from Bracklin West had the highest C:N ratios 
suggesting limited decomposition. However, we can also look at the oxidised/reduced nature of the organic 
matter though measures such as Cox and OR. For example, lower OR values (and conversely higher Cox) 
suggest more oxidised material. Across all sites, samples with higher C:N ratios generally had lower OR 
values; this was a weak, but significant relationship (r2 = 0.129, n = 60, p<0.01). It could therefore be 
suggested that as peat decomposes easily oxidisable compounds (e.g. carbohydrates) are lost leaving behind 
progressively more reduced organic matter. Recent work in a United Kingdom blanket bog utilising the 
Cox/OR approach along with other analytical techniques (e.g. 13C-NMR), shows that polysaccharides are 
preferentially removed through decomposition leaving behind a more lignin-like compounds in the residual 
peat (Moody et al., 2018, Worrall et al., 2016).
The strong correlation between Cox and ∆Hc, which echoes previous work on Cox and energy 
content (Masiello et al., 2008; Clay and Worrall, 2015), poses an interesting future research direction. If 
peat harvesting companies have records of the energy content of their peat then it may be possible to 
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This study has shown that there are significant differences between organic matter properties between 
harvesting sites for horticultural peat. It provides data on elemental properties of horticultural peat and it 
also confirmed that OR values for horticultural peat are within the range proposed by previous studies. This 
study provides data in temperate peat soils that increases the coverage of Cox and OR values and will 
inform global CO2 partitioning studies. 
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Table 1. Location, area and horticultural peat production in 2015 from all sites managed by Bord na Móna. Some main bogs are further divided into sections. 
Sections (referred to as sites in the text) that were sampled for this study are indicated by an asterisk.  













Cashel* Laois 52.98, -7.31 115 13,964 84.03 
Coolnamona Laois 53.03, -7.37 107 24,877 137.75 
Togher* Laois 52.99, -7.35 115 9,596 50.06 
Raheen Laois 52.56, -7.34 106 19,952 118.92 
Gilltown Gilltown* Kildare 53.34, -6.81 82 25,376 92.99 
Kilberry Kilberry Kildare 53.05, -6.98 65 58,661 223.04 
Ummeras Ummeras Kildare 53.18, -7.06 65 36,085 154.32 
Ballivor 
Bracklin West* Westmeath 53.56, -7.07 77 15,110 98.16 
Carronstown* Westmeath 53.54, -7.02 74 27,850 142.29 
Ballivor Westmeath 53.52, -7.03 73 19,306 128.45 
Rossan Rossan* Meath 53.44, -7.10 80 34,908 167.38 
Derrinboy Derrinboy* Offaly 53.13, -7.69 87 40,628 208.16 
Prosperous Prosperous* Kildare 53.31, -6.75 90 35,437 104.90 
Derryclure Derryclure Offaly 53.28, -7.46 78 23,768 156.86 
Daingean Daingean* Offaly 53.28, -7.27 80 54,746 370.54 
Killaun Killaun* Offaly 53.11, -7.86 64 38,468 235.95 
Monettia 
Monettia A* Offaly/Laois 53.19, -7.47 84 41,719 237.38 
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Table 2. Median values (interquartile range in parentheses) for each measured or derived variable for 
each sampling site. N = 5 for each site, except ∆Hc for Monettia  B and Gilltown where N = 4. Post-
hoc differences between sites within each variable are denoted with superscript lettering. 
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Figure 3 25 
r = 0.964 r = -0.894 
r = -0.617 
r = -0.833 r = 0.766 
r = -0.828 
sum_12621_f3.pdf
This	article	is	protected	by	copyright.	All	rights	reserved
A
cc
ep
te
d 
A
rt
ic
le
